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Theiler's murine encephalomyelitis virus (TMEV) infection produces a chronic demyeli-
nating disease in mice, and myelin breakdown appears to be immune-mediated. By using
an attenuated TMEV strain, WW virus, to infect mice, the course of the disease was
slowed and the severity of the inflammatory and glial responses was reduced. In this cir-
cumstance, most of the demyelinating lesions showed extensive remyelination, pre-
dominantly by Schwann cells. In addition, it was demonstrated that there was recurrent
demyelinating activity in the central nervous system (CNS) of infected animals. It is sug-
gested that the rapidity and intensity of demyelinating lesions may influence the poten-
tial for remyelination and that Schwann cell participation may be a more important
mechanism of myelin repair than it is now thought to be. The fact that there is recurrent
demyelination in TMEV infection increases its relevance as an experimental animal
model for multiple sclerosis. (Am J Pathol 98:101-122, 1980)

CERTAIN STRAINS of Theiler's murine encephalomyelitis virus
(TMEV) produce a persistent central nervous system (CNS) infection in
the natural host.' In studies of the pathogenesis of this infection we
showed that the white matter lesions consisted of areas of primary demye-
lination in association with mononuclear cell infiltrates,23 a pattern simi-
lar to experimental allergic encephalomyelitis (EAE), the prototype au-
toimmune disease of the CNS.4-8 In later experiments, it was
demonstrated that demyelination could be prevented by immuno-
suppression, suggesting that myelin breakdown is immune-mediated.9
The earlier studies of this infection were accomplished using brain-de-

rived stocks of TMEV. In this setting infected mice develop a biphasic
pattern of CNS disease: an initial phase of gray matter involvement, pro-
ducing flaccid paralysis, followed by white matter involvment, leading to
spastic paralysis. After the adaption of TMEV to tissue culture, these vi-
ruses were found to produce the late neurologic disease without antece-
dent poliomyelitis.'0 In this situation, spastic paralysis occurred after a
lengthy incubation period.'0
We shall now describe the pathologic changes in the CNS of outbred
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mice using one of the tissue-culture adapted TMEVs, WW virus. While
gray matter involvement was not observed, a slowly evolving demyelinat-
ing process involved the spinal cord white matter. Extensive remyelina-
tion occurred as the result of unusually active participation by Schwann
cells, and later there was recurrent demyelination, which was best ob-
served in areas restored with peripheral nervous system (PNS) myelin.
These findings are supported by our recent discovery of a similar process
in C3H/He mice infected with brain-derived DA virus, in which the
white matter changes also evolved quite slowly." It is suggested that CNS
remyelination may depend in large part on the rapidity and intensity of
the preceding wave of myelin breakdown. In addition, Schwann cells may
prove to be important in the repair of CNS myelin in other virus-induced
demyelinating diseases. Finally, the fact that there is recurrent demyelina-
tion in TMEV infection of mice makes this an even more relevant animal
model of multiple sclerosis.

Materials and Methods
Animals and Animal Inoculations

Outbred Swiss male mice (CD-1) were purchased from Charles River Breeding Labora-
tories (Portage, Mich). Mice were housed 5-10 per polycarbonate cage and given food and
water ad libitum. Animals 4-6 weeks old were inoculated into the right cerebral hemi-
sphere with 103-104 plaque-forming units (PFU) ofWW virus.

Virus

WW virus was adapted to grow and produce a cytopathic effect in tissue culture as de-
scribed,'0 and a virus stock was prepared on the fourth passage in primary baby mouse kid-
ney cells.

Morphologic Features

Two to 4 mice were sacrificed on Days 16, 24, 31, 44, 84, and 163. Anesthetized animals
were perfused with chilled 3% glutaraldehyde in phosphate buffer (pH 7.3) through the
left ventricle. Spinal cords were removed, sectioned at approximately 1-mm intervals, and
postfixed in 1% osmic acid for 1 hour. Following dehydration in a graded series of ethyl
alcohol, sections were cleared in propylene oxide and embedded in Epon. One-micron-
thick sections were trimmed for ultrathin sectioning, and the grids were stained with ura-
nyl acetate and lead citrate and then viewed in a Philips 200 electron microscope.

Results
Clinical Observations

The mice were examined daily for the first month and then weekly
thereafter. No evidence of clinical disease was observed until 11 weeks,
when the majority of animals began to develop spasticity, indicating
white matter disease. At no time were animals observed to develop flaccid
paralysis, which would be due to gray matter involvement.
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Pathologic Observations

Light Microscopy

No pathologic changes were found in the spinal cord gray matter be-
tween Days 16 and 163, whereas widespread, scattered lesions were seen
in white matter throughout this study. The lesions on Day 16 started as
focal perivascular mononuclear cell infiltrates in the lateral columns,
around which small groups of naked axons were identified. These inflam-
matory lesions appeared to progress slowly, because animals sacrificed on
Days 24 and 31 showed lesions of similar severity (Figure 1). However, on
Day 31 both lateral and anterior columns, and occasionally the posterior
columns, were involved. The largest lesions were adjacent to the anterior
root entry zone and extended deeply into the cord. Only a moderate num-
ber of macrophages were present at these times.
By Day 44, many demyelinated areas appeared inactive or quiescent,

since they contained few inflammatory cells and rarely macrophages. In-
terestingly, at various depths in most lesions numerous Schwann cells
were found in contact with naked axons (Figure 2).

At 84 days, remyelination was striking in the anterior and lateral col-
umn lesions. The most extensive remyelinated plaques extended beyond
half the thickness of the lateral columns and for a considerable distance
from the anterior median sulcus in the anterior columns. Remyelinated
areas had a lobular appearance due to development of numerous fibrous
septums (Figure 3). These septums delimited groups of axons which had
been remyelinated by oligodendrocytes and Schwann cells. Although the
type of cell responsible for remyelination was not quantitated, Schwann
cells clearly predominated. In spite of the chronicity of this process, axons
were close together, indicating that the glial reaction was mild.

Several important changes at this time were indicative of recurrent de-
myelinating activity. First, sections from the same spinal cord that con-
tained completely remyelinated plaques also showed foci of inflammation,
renewed macrophage activity, and acute demyelination (Figure 4). Sec-
ond, inflammation and demyelination appeared in areas already remyeli-
nated by Schwann cells. In such areas, lesions of varying severity were ob-
served. Perivascular cuffs of mononuclear cells were surrounded by naked
axons that maintained a typical relationship with parent Schwann cells;
intermingled were other nerve fibers still surrounded by myelin (Figure
5). In other lesions, entire groups of axons had lost their myelin, and these
areas gradually merged with the surrounding parenchyma, which con-
tained myelinated fibers (Figure 6). In the most advanced lesions only
naked axons could be found (Figure 7). The majority of such axons were
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still in contact with Schwann cells, clearly demonstrating that demyelina-
tion had occurred in a remyelinated area. Myelin-debris-laden macro-
phages were quite numerous in these areas. Thus, it appeared that recur-
rent demyelination was associated with a more intense macrophage
reaction than that during the initial episode of myelin breakdown.

Spinal cord sections at 163 days showed minimal inflammation and de-
myelinating activity. In extensive areas of the lateral and anterior columns
(the entire thickness of the white matter was often involved) there was
evidence of earlier demyelination (Figure 8). The inner portion of the col-
umns showed mild remyelinating activity, mainly with CNS myelin.
These areas were sharply demarcated from the outer portions, where there
was more effective remyelination. Closer observation demonstrated that
many Schwann cells participated here in the repair process, although they
were less numerous than earlier. In addition, axons were not as close as
they were earlier, indicating increased glial reaction.

Electron Microscopy

In the early phase of this infection (Days 16, 24, 31, and 44) there was
acute primary demyelination as described in SJL mice.3 Stripping and ve-
sicular disruption of myelin were often encountered in the midst of large
groups of naked axons. These always displayed normal morphologic fea-
tures (Figure 9). Inflammatory cells were numerous, and most appeared to
belong to the lymphocyte series, but a modest plasma cell response was
present. Larger cells with irregular contours and cytoplasmic dense bod-
ies, probably representing macrophage precursors, were also seen in mod-
erate numbers. Where demyelination was active, macrophages with abun-
dant lipid droplets and myelin debris were present, but macrophages
were never as numerous as they were in SJL mice.3
By Day 44, numerous Schwann cells enclosing naked axons were seen

deep in the white matter. At this time most axons were simply surrounded
by Schwann cell cytoplasm rich in rough endoplasmic reticulum and rest-
ing on a basement membrane. However, some axons were already in-
vested by myelin sheaths, having a normal anatomic relationship with
parent Schwann cells (Figure 10). Individual axon-Schwann-cell com-
plexes were surrounded by an enlarged extracellular space that was rich
in collagen fibers and astroglial processes. Such processes were packed
with glial fibrils and were sometimes invested by complete or incomplete
basement membranes. Glial processes with normal morphologic features
were frequently seen in close vicinity to Schwann cells without inter-
position of a periglial basement membrane (Figure 10).
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Schwann cell remyelination was extensive at Day 84 when large
chronic lesions with little or no demyelinating activity were essentially
completely remyelinated. In the lateral columns, adjacent to the anterior
root entry zone, the majority of axons were remyelinated by Schwann
cells with their myelin sheaths having a periodicity of peripheral myelin.
The smallest axons remained unmyelinated, but most, nevertheless, were
surrounded by Schwann cell cytoplasm. The interaxonal space was rich in
collagen fibers (Figure 11). Numerous long, slender, and irregular profiles
devoid of basement membranes were present in the extracellular space.
These often formed a swirling pattern and were probably of fibroblastic
origin. At this time, glial processes were less numerous than earlier and
were frequently surrounded by a basement membrane (Figure 11). Some
nerve fibers among axons that were surrounded by Schwann cells ap-
peared to be in contact with electron-dense processes that were rich in
microtubules but lacking a basement membrane. Some of these processes
had laid down a few abnormal myelin lamellas around contacted axons;
therefore, they probably were of oligodendroglial origin (Figure 12).
Schwann cell remyelination of central axons was also observed in the an-
terior columns adjacent to and at some distance from the anterior median
sulcus. At this site, many of the axons remained naked and were only sur-
rounded by reactive glial processes.
A dramatic change at Day 84 was the appearance of fresh demyelinat-

ing activity (Figure 13). As earlier, this activity was strictly related to
meningeal and perivascular infiltrates, but now it was seen together with
chronic, quiescent lesions that had undergone demyelination earlier and
had been remyelinated by Schwann cells.

It was particularly interesting to find acute inflammation and demyeli-
nating activity in remyelinated areas. In such lesions numerous inflamma-
tory cells and macrophages were in close proximity to naked axons (Fig-
ure 14). Most of these had a normal axoplasm and were surrounded by
Schwann cell cytoplasm that often showed a hypertrophic endoplasmic
reticulum and increased electron density. Degenerated myelin often
showing vesicular disruption was observed in areas of acute demyelination
(Figure 15). Schwann cell processes often had an irregular, undulating
contour with redundant, duplicated basement membranes (Figure 16, in-
set). Astroglial processes with and without basement membranes were of-
ten present in these areas (Figures 14 and 16).
At 163 days, approximately equal numbers of axons were remyelinated

by Schwann cells and oligodendrocytes in the outer portions of spinal col-
umns. The two different populations of myelinated axons were clearly dis-
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tinguishable because of the conspicuous difference in myelin sheath thick-
ness. Axons remyelinated by Schwann cells were, in fact, surrounded by
myelin that was 2 to 5 times thicker than myelin generated by oligo-
dendrocytes (Figure 17). Axons myelinated by Schwann cells were gener-
ally arranged in lobules interspersed between areas contaning CNS mye-
lin. The interface between peripheral and central type myelin consisted of
glial processes which were often covered by a basement membrane. The
glial processes were also numerous among axons myelinated by oligo-
dendrocytes, and they contained abundant glycogen granules and densely
packed glial filaments (Figure 17).

In the inner portions of spinal cord columns, all axons were ensheathed
by CNS myelin. Numerous oligodendrocytes were present in these areas,
often next to one another, suggesting that they had proliferated (Figure
18). Contacts between oligodendrocytes and their respective axons could
be observed (Figure 18, inset). Little or no demyelinating activity was
noted at this time.

Discussion

The present study has revealed that extensive Schwann cell remyelina-
tion and recurrent episodes of demyelination occur in the CNS of outbred
mice infected with a tissue-culture-adapted TMEV isolate, WW virus.
Both findings have relevance to multiple sclerosis, which is characterized
in large part by its relapsing course. Schwann cell remyelination in this dis-
ease has been the focus of several recent studies.12-'4 Schwann cell remye-
lination of CNS axons has also been identified in a number of different ex-
perimental animal models, including EAE.15-21 However, Schwann cell
remyelination occurred to a moderate extent in those conditions. In WW-
virus-infected mice, Schwann cell participation assumed a predominant
role in the regeneration of CNS myelin; and by Day 84, axons remyeli-
nated with peripheral myelin constituted the majority of all remyelinated
fibers. Peripheral myelin was first detected in the vicinity of the anterior
roots, and later it extended for a considerable distance into the white mat-
ter. This suggests that most of the Schwann cells probably originated in
the root zone. However, it is also possible that some of these cells were
derived from intrinsic Schwann cell elements that are known to normally
exist in the CNS.22
The way in which Schwann cells migrate into the CNS is poorly under-

stood. Blakemore and co-workers have suggested that Schwann cells enter
the CNS by transit through a damaged subpial glial limiting membrane, a
barrier that normally separates central and peripheral elements.'7-'" In-
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jury to this membrane in inflammatory conditions is probably caused by
inflammatory cells or their products. Such infiltrates are more extensive in
TMEV infection in SJL mice, but Schwann cells were not observed to par-
ticipate in CNS remyelination in these animals.3 Leptomeningeal mono-
nuclear cell infiltrates are also extensive in chronic, relapsing EAE, but
there is only modest Schwann cell remyelination.20'2 Therefore, some
other factor is probably responsible for the extensive Schwann cell activ-
ity in TMEV infection that we have now observed in Swiss mice (infected
with tissue-culture-adapted WW virus) and C3H/He mice (infected with
brain-derived DA virus)." A common denominator in both these TMEV
infections is the slow evolution of the demyelinating process, in which
only moderate glial and macrophage responses occur. In contrast, the se-
vere acute demyelinating lesions in TMEV infection in SJL mice and in
EAE are followed by prominent gliosis. Perhaps the cellular response,
particularly gliosis, impedes contact between Schwann cells and axonal
membranes, an event necessary for Schwann cell proliferation and myelin
production.'-' Therefore, prevention of Schwann-cell-axonal contact by
gliosis may be more important than the postulated direct contact inhibi-
tion between plasmalemmal surfaces of astrocytes and Schwann cells.7"9

In addition to gliosis, inflammatory cells, and particularly macrophages,
may interfere with remyelination. In contrast to the present results, SJL
mice infected with brain-derived DA virus showed only minimal remyeli-
nation.3 These animals had extensive inflammatory cell infiltrates, includ-
ing many macrophages, and demyelinating lesions lasting for as long as 8
months. The severe demyelinating lesions in SJL mice may be related, in
part, to intrinsically enhanced macrophage activity in this strain.26 This
notion is supported by the demonstration that myelin basic protein can be
degraded by neutral proteases, including plasminogen activator, secreted
by stimulated macrophages.27 Thus, macrophages which may play a role
in initiating myelin injury may also interfere with the formation of new
myelin. On the basis of these observations, it is possible that the intensity
of the inflammatory and glial responses during demyelination may have a
profound influence on the potential for remyelination.

It was of interest that astrocytic processes in WW-virus-infected mice,
even when unprotected by a basement membrane, showed no degenera-
tive changes when they were adjacent to Schwann cells. This observation
is also at variance with the work of Blakemore et al involving experimen-
tal remyelination in rat spinal cord after administration of lysolecithin, 6-
aminonicotinamide, or x-irradiation.'7'9 In those studies it was suggested
that Schwann cells may have a toxic effect on astrocytes unprotected by a
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basement membrane. In agreement with our observations, this type of an
effect also was not detected in relapsing EAE.28

Another important finding was the discovery of recurrent demyelinat-
ing activity later in this infection. Recurrent demyelination was suggested
by the simultaneous presence of acute demyelinating lesions occurring to-
gether with chronic, quiescent ones in the same section or in different
areas of the same spinal cord. The occurrence of acute lesions with
chronic lesions has been considered as evidence of recurrent demyelina-
tion in chronic, relapsing EAE.2129-31 However, the fact that Schwann
cells remyelinated extensive portions of the spinal cord in WW-virus-in-
fected mice has provided a basis for more conclusive proof that there
were recurrent episodes of myelin breakdown. Initially, most of the areas
containing PNS-remyelinated axons were devoid of inflammation. Thus,
the subsequent appearance of naked axons ensheathed by Schwann cells
in association with inflammatory cell infiltrates and debris-laden macro-
phages clearly demonstrates that there was at least another bout of myelin
degeneration. In this connection the first appearance of spastic paralysis
coincided with this recurrent demyelinating activity. The lack of clinical
disease during the earlier phase of demyelination highlights the difficulty
in correlating clinical signs with pathologic involvement in experimental
demyelination. Some of the early investigators of EAE also recognized
this discrepancy in animals undergoing acute EAE.32-
The presence of recurrent demyelinating activity enhances the rele-

vance of this experimental infection as an animal model of multiple scle-
rosis.35 It is also possible that Schwann cell remyelination of central axons
as demonstrated in this study will prove to be an important mechanism of
CNS myelin repair in virus-induced demyelinating diseases. It remains to
be determined whether such extensive remyelination will have functional
significance.
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Figures 1-8--One-micron-thick, Epon-embedded, toluidine-blue-stained sections from spinal
cords of WW-virus-infected mice. Figure 1-Meningeal and perivascular mononuclear cell in-
filtrates which are surrounded by numerous demyelinated axons; 24 days after infection.
(x390) Figure 2-A well-demarcated plaque of demyelination in a quiescent state that shows
numerous Schwann cells extending deep into the lesion (arrows). Note the typical Schwann-cell-
axonal relations. Double arrow indicates a thin myelin sheath; 44 days after infection. (x580)
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Figure 3-A large area in a lateral column in which almost all previously demyelinated axons have been
remyelinated. A predominant number of these axons are in contact with Schwann cells (arrows). Fi-
brous septums are delimiting lobular groups of axons, and each group may contain both central and
peripheral type myelin. Gliosis is mild; 84 days after infection. (x400) Figure 4-A section from
the same spinal cord as in Figure 3 that shows an acute demyelinating lesion with inflammatory cells
and some myelin debris-laden macrophages. (x490)



Figure 5-Perivascular inflammatory infiltrates surrounded by demyelinated axons (right lower cor-
ner). Many axons in the upper two thirds of the field are ensheathed by Schwann cells (arrows) and
are intermingled with axons still having their original myelin; 84 days after infection. (x430) Fig-
ure 6-An entire lobule of a remyelinated plaque that has been demyelinated, containing many naked
axons clearly attached to Schwann cells (arrows). The demyelinated area is close to a tangentially
cut vessel ( V) and inflammatory cells. The left portion of the field shows the quiescent portion of this
lesion with its remyelinated axons; 84 days after infection. (x 500)



Figure 7-A more advanced lesion which shows a dense meningeal infiltrate (left) overlying a totally
demyelinated lesion in which most axons are attached to Schwann cells (arrows). Numerous myelin
debris-laden macrophages are infiltrating the area, indicating that this is an active process; 84 days
after injection. (x590) Figure 8-Almost the entire thickness of a lateral column is seen. The up-
per half shows a portion of an extensive area of remyelination in which several Schwann cells are rec-
ognizable (arrows). The lower half shows numerous naked axons, some of which have been remy-
elinated by central myelin. Note the clear demarcation between the two areas and the lack of activity
at this time; 1 63 days after infection. (x 41 0).



Figure 9-Numerous axons are being demyelinated, and there is prominent vesicular disruption of
myelin; 24 days after infection. (x77,000) Figure 10-All of the axons in this field are ensheathed
by Schwann cells (S) whose processes are spiraling around the axons. Two of the larger axons have
already been ensheathed with thin myelin. In addition, there are numerous glial processes (g), with and
without basement membranes, and they are rich in glial filaments and show no degenerative change.
The extracellular space contains collagen fibers; 44 days after infection. (x 12,700)



- 4*'4~ ~_k .

''11

K

L' *

*4 1

.4- I

Wx ,, %g

44: ' o. b :'
.; bw ,.. t. ,.

pi Bt * ss @ by- s \ o cx.f)K' .. So

Figure 11-All of the axons in this area have been remyelinated by Schwann cells. Note the normal ap-pearance of the Schwann cell cytoplasm resting on a basement membrane. Some of the glial processesare surrounded by a basement membrane, while others are not, but nonetheless show normal features;84 days after infection. (x 13,000)

< . ,s
- '- r '

o

, .:

49

it



Figure 12-On the right side a naked axon is surrounded by abundant Scnwann cell cytoplasm tnat
is resting on a basement membrane; note the spiraling of the Schwann cell around this axon. On the
left side a portion of electron-dense cytoplasm rich in microtubules (arrow) has contacted several
naked axons and shows membrane thickening suggestive of myelin formation (double arrows). The
overall appearance of this cell is that of an oligodendrocyte. (x1 5,000) Figure 13-An area
with recent demyelinating activity shows stripping of myelin by mononuclear cell processes (p), nu-
merous naked axons, and macrophages containing myelin debris. Areas such as this were seen at
84 days after infection in spinal cords also showing completely remyelinated plaques. (x1 0,600)



Figure 14-A large macrophage laden with myelin debris and lipid droplets is surrounded
by a number of naked axons, many of which are still in contact with Schwann cells. Many of
the Schwann cells show irregular contours and variably dense cytoplasm. Note the pres-
ence of glial processes rich in glial fibrils (g) and the extracellular space filled with collagen
bundles. Portions of plasma cells are seen at the top of the field. (x 7200)

Figure 15-The center of the field is occupied by disorganized arrays of degenerating mye-
lin lamellas, including some vesicular type degenerative products. Naked axons in contact
with Schwann cells are present at the top and bottom; 84 days after infection. (x 12,900)





Figure 16-This area shows four large demyelinated axons still surrounded by Schwann
cells and an extracellular space rich in collagen fibers. Glial processes (g) are present, and
the one at the top has no basement membrane on the side of the axon but a basement mem-
brane on the side of the macrophage. (x7900) Inset-A naked axon surrounded by
Schwann cell cytoplasm. Note the undulating cell contours and abundant duplicated base-
ment membrane; 84 days after infection. (x 14,800)

Figure 17-A mixed population of axons is shown. Four axons (a) are surrounded by thick
myelin sheaths and Schwann cell cytoplasm resting on a basement membrane. Other axons
are surrounded by thinner myelin of oligodendrocyte origin. Astrocytic processes are pres-
ent among the axons; 163 days after infection. (x1 2,700)
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Figure 18-Four oligodendrocytes are seen in the inner portion of a lateral column. All the axons show
remyelination by central myelin. (x7200) Inset-A magnified view of a contact between a myeli-
nating oligodendroglial cell and its axon; 163 days after infection. (x 15,000)


